The relationship between airborne small ions and particles in urban environments by Ling, Xuan et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Ling, Xuan, Jayaratne, Rohan, & Morawska, Lidia
(2013)
The relationship between airborne small ions and particles in urban envi-
ronments.
Atmospheric Environment, 79, pp. 1-6.
This file was downloaded from: http://eprints.qut.edu.au/61187/
c© Copyright 2013 Elsevier
This is the author’s version of a work that was accepted for publication in Atmospheric
Environment. Changes resulting from the publishing process, such as peer review, edit-
ing, corrections, structural formatting, and other quality control mechanisms may not be
reflected in this document. Changes may have been made to this work since it was sub-
mitted for publication. A definitive version was subsequently published in Atmospheric
Environment, [VOL 79, (2013)] DOI: 10.1016/j.atmosenv.2013.06.006
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://doi.org/10.1016/j.atmosenv.2013.06.006
 1
 
 
The Relationship between Airborne Small Ions and Particles in 
Urban Environments 
 
 
 
Xuan Ling, Rohan Jayaratne and Lidia Morawska* 
 
 
International Laboratory for Air Quality and Health 
Queensland University of Technology 
GPO Box 2434, Brisbane, QLD 4001, Australia 
 
 
 
 
Submitted to Atmospheric Environment 
 
 
 
* Corresponding author contact details: 
Tel: (617) 3138 2616; Fax: (617) 3138 9079 
Email: l.morawska@qut.edu.au 
 2
Abstract 
 
 
Ions play an important role in affecting climate and particle formation in the 
atmosphere. Small ions rapidly attach to particles in the air and, therefore, studies 
have shown that they are suppressed in polluted environments. Urban environments, 
in particular, are dominated by motor vehicle emissions and, since motor vehicles are 
a source of both particles and small ions, the relationship between these two 
parameters is not well known. In order to gain a better understanding of this 
relationship, an intensive campaign was undertaken where particles and small ions of 
both signs were monitored over two week periods at each of three sites A, B and C 
that were affected to varying degrees by vehicle emissions. Site A was close to a 
major road and reported the highest particle number and lowest small ion 
concentrations. Precursors from motor vehicle emissions gave rise to clear particle 
formation events on five days and, on each day this was accompanied by a 
suppression of small ions. Observations at Site B, which was located within the urban 
airshed, though not adjacent to motor traffic, showed particle enhancement but no 
formation events. Site C was a clean site, away from urban sources. This site reported 
the lowest particle number and highest small ion concentration. The positive small ion 
concentration was 10% to 40% higher than the corresponding negative value at all 
sites. These results confirm previous findings that there is a clear inverse relationship 
between small ions and particles in urban environments dominated by motor vehicle 
emissions. 
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1. Introduction 
 
 
Atmospheric ions are formed due to ionization of air molecules by cosmic rays from 
space and radiation from airborne radioactive materials such as Rn-222 and its 
daughter products. These ions are soon attracted to hydrous molecules in the air and 
readily form singly-charged molecular clusters that can continue to grow by further 
attachment. Molecular clusters that are smaller than 1.6 nm in size are known as 
‘small ions’ (Iribarne and Cho, 1980). Small ions are lost from the atmosphere due to 
two main processes – recombination of oppositely charged ions and attachment to 
aerosol particles larger than about 2 nm.  Charged aerosols, formed by the above 
attachment process, are found in the size range 2 nm to 1 µm and are termed ‘large 
ions’. Hirsikko et al (2011) reviewed 93 publications including data on the spatial and 
temporal distributions of small ions and concluded that, under steady conditions in the 
natural atmosphere, average positive and negative small ion concentrations varied 
widely, from about 100 cm-3 in clean environments to over 2500 cm-3 in the presence 
of natural and anthropogenic ion sources such as waterfalls (Laakso et al., 2006) and 
overhead power lines (Fews et al, 1999; Jayaratne et al., 2008). Therefore, it is 
expected that the small ion concentration in the environment is strongly affected by 
the aerosol number concentration. While previous studies demonstrate an inverse 
relationship between particle number concentration and small ion concentration, the 
picture is not very clear in urban environments where motor vehicles comprise a 
common source of particles as well as small ions. It is well known that the majority of 
airborne particles in the urban environment originate in motor vehicle emissions (Shi 
et al., 1999). However, it has also been shown that motor vehicles emit large 
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quantities of small ions and charged particles (Jayaratne et al, 2010). Thus, Retalis 
(1977) and Retalis et al (2009) found an inverse relationship between small ion 
concentration and smoke in the air above Athens, Greece. Ling et al., (2010) showed 
that, at sites where ion sources were co-located with particle sources, small ion 
concentration was inhibited due to the attachment process. Hirsikko et al. (2007) 
measured daily outdoor ion concentration at an urban site approximately 100 m from 
a busy road and showed that the highest concentrations of large ions were observed 
when the wind blew from the road. Titta et al (2007) measured ion concentrations 
near a busy freeway and showed that small ion concentrations were three times lower 
than that at a rural station where the air was cleaner. 
 
The aim of the present study was to investigate the relationship between small ion and 
particle concentrations in the urban environment which is generally dominated by 
pollution from motor vehicle emissions. In order to achieve this aim, measurements of 
small ions and particles were carried out at two urban sites, one dominated by motor 
vehicle emissions and the other being some distance away from busy roads but, 
nevertheless, within the same urban air shed. The results were compared with that 
obtained at a third site, which was well away from urban traffic, to investigate 
whether a lower particle number concentration would result in a higher small ion 
concentration. 
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2. Methods 
 
2.1 Measurement Sites 
 
Measurements were carried out for two weeks at each of three sites, details of which 
are provided in Table 1. The site locations in relation to the city of Brisbane are 
shown in the satellite image in Fig S1 (supplementary material). Mean meteorological 
conditions during the monitoring periods at the three sites are shown in Table S1 
(supplementary material). All three sites were primary schools within the greater 
Brisbane area in South-East Queensland, Australia. Brisbane is a city with a 
population of approximately 2 million, situated on the eastern coast of Australia. The 
entire urban area extends about 30-40 km in the north-south direction and is 
sandwiched between the sea and a low range of hills located about 30 km inland. The 
air quality in this region is dominated by emissions from motor vehicles. 
 
Site A was located about 2 km from the city centre, approximately 35 m from a major 
urban arterial road carrying two lanes of traffic in either direction. The highest traffic 
flow was observed during the weekday morning and late afternoon rush hours with 
about 100 vehicles min-1 in both directions. Most of these vehicles were petrol cars 
with heavy duty vehicles accounting for about 10% of the total traffic. 
 
Site B was located in a school play ground surrounded by a large urban residential 
area, 9 km north of the city centre. The instruments were placed about 140 m from a 
major road carrying about 50 vehicles min-1 in both directions. The highest traffic 
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flow was observed during the morning rush hour. Most of the vehicles were petrol 
cars with less than 5% being heavy duty vehicles and these were mostly buses. 
 
Site C was situated near the coast, away from the urban sprawl, about 20 km north-
east of the city centre. This area did not have any significant pollution sources and 
therefore, it was considered a ‘clean’ site, especially when the wind was blowing 
directly from the ocean. 
 
 2.2 Instrumentation 
 
Small ion concentrations were measured with two Alphalab air ion counters that were 
factory-calibrated prior to the measurement campaign. Although this instrument has 
the capability of monitoring both negative and positive small ions, the operational 
principle does not permit them to be measured simultaneously. Hence, two 
instruments were used to monitor positive and negative small ions at the same time. 
The ion counter is battery-operated and samples by drawing air at a rate of 0.8 L s-1 
through a parallel plate polarization electric field. The ion concentration is determined 
by measuring the plate current. The output signal was fed into a computer and the data 
was logged in real time at 1 s intervals. The instrument has a dynamic range of 10 – 
106 ions cm-3 with a minimum detectable charge concentration of 10 ions cm-3. The 
minimum characterisable mobility of the unit is 0.5 cm2 V-1 s-1, which corresponds to 
a detectable maximum ion size of 1.6 nm, thus restricting the measured charge to 
small ions. 
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Aerosol particle number concentration was monitored with a TSI-3782 water-based 
condensation particle counter (CPC) that can detect airborne particles down to a size 
of 10 nm in number concentrations up to 5 x 104 cm-3. The time response of the 
instrument is less than 3 s and data were recorded every 1 s. In addition, particle 
number size distributions were measured with a TSI 3036 scanning mobility particle 
sizer (SMPS) which consisted of a TSI 3080 electrostatic classifier with a TSI 3085 
nano-DMA and a TSI 3025 CPC. The nano-DMA was used in order to detect the 
smaller sized particles during formation events. Particle formation events were most 
common at Site A. Therefore, the detectable particle size range of the SMPS was set 
to 5-100 nm at Site A and 9-160 nm at the other two sites. A complete size scan was 
obtained every 3 min. Particle size was represented by the count median diameter 
(CMD) of the particles in each scan. Particle number concentration was separated into 
the nucleation mode (smaller than 50 nm) and Aitken mode (larger than 50 nm). 
 
A monitor sensor automated weather station with uSmart series sensors and data 
logger was used to monitor meteorological parameters such as the air temperature, 
relative humidity and wind speed and direction. 
 
2.3 Data Analysis 
 
For the time series analysis, the 1 s data were separated into 30 min sections and the 
corresponding median values calculated. Median values were considered to be more 
representative than mean values as the latter were affected by sharp, brief 
concentration peaks in the data. Such peaks are commonly observed near roads with 
motor vehicle traffic (Jayaratne et al, 2010). 
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Comparison of two sets of measurements of the same parameter under different 
conditions was performed using a Student’s t-test. Significant differences between the 
means were assessed at a confidence level of 95%. 
 
3 Results and Discussion 
 
In general, we found that local small ion concentrations depended on the rates of 
production and removal by ion sources and sinks, respectively, from both 
anthropogenic and natural activities. Particle formation events were observed to 
strongly affect small ion concentration, the latter showing an inverse correlation with 
particle number concentration. The results for the three sites are described below.  
 
3.1 Site A 
 
The median values of positive and negative small ion concentrations at this site were 
860 and 580 cm-3, respectively. There was a clear preponderance of positive ions over 
negative ions at all times. Although each of these two concentrations varied widely, 
between about 400 and 1500 cm-3, the ratio of positive to negative ions remained 
fairly consistent in the range 1.4 ± 0.3. The median particle number concentration 
over the measurement period was 1.8 x 104 cm-3. All three concentration values were 
significantly higher than that expected for urban background air (Ling et al, 2010) and 
lower than that found immediately next to a busy road (Jayaratne et al, 2010). Thus, 
these results are reasonable for the distance of 50 m from the site to the road.  
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Particle formation events were observed on five of the measurement days, generally 
beginning just before mid-day and continuing into the afternoon. On such days, the 
particle number increased significantly, very often by more than a factor of 2 within a 
short period of 1-2 h. This was accompanied by a decrease in small ion concentration. 
Fig 1 shows the 24-hour time series of particle number concentration and positive and 
negative ion concentrations on one of these five days. Each graphical data point is the 
median of all 1 s measurements over a period of 30 min. The particle formation event 
began at about 10:30 h. The particle number concentration, as measured by the CPC, 
increased from about 1.5 x 104 cm-3 to 4.2 x 104 cm-3 at 13:00 h and dropped back to 
its initial value by 14:30 h. For clarity, the negative ion concentrations are represented 
by negative values. For example, -500 corresponds to a negative ion concentration of 
500 cm-3. The increase in particle number was accompanied by a corresponding 
decrease in both positive and negative small ion concentrations. 
 
Fig 2 shows the particle number concentration and size data from the SMPS on two 
successive days on which there was clear evidence of particle formation. The upper 
panel in this figure shows the time series of relative humidity and air temperature. The 
next two panels display the total particle number concentration (PNC) and the 
concentrations in the nucleation (N) mode and the Aitken (A) modes, which were 
arbitrarily demarcated by 30 nm. Note that all concentrations are represented as 
dN/dlogDp where dN is the number of particles x103 cm-3 in the size range dlogDp. 
The lowest panel displays the spectrograms of particle number size distributions in 
time. The curve shows the count median diameter (CMD) and the particle number 
concentrations are shown by the colour contours. Note the typical “banana” shapes 
associated with particle formation close to noon on both days. Maximum particle 
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number concentration on each of these days was about a factor of 3 higher than that 
observed immediately before the event began. 
 
In Fig 3, we plot the 30-min median total small ion concentration against the particle 
number concentration, as measured by the CPC, for the two days separately. The total 
concentration is the sum of the absolute values of the positive and negative 
concentrations. On day 1, as the particle number concentration increased from about 
1.0 x 104 to 7.5 x 104 cm-3 the corresponding small ion concentration decreased from 
about 1000 to 500 cm-3. On Day 2, the maximum particle number concentration was 
not as high as on Day 1. However, an increase from about 5.0 x 103 to 4.5 x 104 cm-3 
was accompanied by a decrease of the small ion concentration from about 2000 to 800 
cm-3. A regression analysis showed that the two parameters were negatively correlated 
with p < 0.05. Similar trends were observed on all days whenever there was a particle 
formation event. 
 
3.2 Site B 
 
The median values of the positive and negative small ion concentrations at Site B 
were 460 and 360 cm-3, respectively. These values are significantly lower than at Site 
A. The median particle number concentration over the measurement period at Site B 
was 4.5 x 103 cm-3 – a value that was also much lower than that at Site A, reflecting 
the lower influence of vehicle emissions. This indicates that the small ion 
concentration was not solely dependent on the prevalent particle number 
concentration. As stated earlier, in addition to the large number of particles emitted, 
motor vehicles are a source of small ions too. Thus, in spite of the higher particle 
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number concentration present at Site A, the proximity to the arterial road and heavy 
duty vehicles would undoubtedly have contributed to the larger concentration of small 
ions observed.  The ratio of positive to negative ions at Site B was 1.3 ± 0.3.  
 
Unlike at Site A, clear particle formation events were not observed at Site B. 
However, on some days, particle number concentration enhancement events were 
observed. The short time series in Fig 4 includes such an event that occurred one 
morning where the particle number concentration increased from about 4.0 x 103 to 
nearly 2.0 x 104 cm-3 – a factor of nearly 5, within a time interval of about 3 hours. 
Particle enhancement commenced at about 8:00 h and peaked at about 11:00 h, 
decreasing to background by 13:00 h. The SMPS data did not show a particle 
formation event. However, as observed in Fig 4, both the positive and negative small 
ion concentrations showed a marked decrease during the event. Fig 5 shows the 
particle number concentration and size data from the SMPS for this event. Rather than 
the classic “banana” shape nucleation event observed in Fig 2 for Site A, the particle 
event in the spectrogram exhibited an “apple” shape, which is indicative of particles 
that are formed at a distance being transported to the measurement site. There was no 
indication of particle growth at the site. Fig 6 shows the 30-min median total small ion 
concentration against the particle number concentration for this event. While the 
particle number concentration increased from about 4.0 x 103 to 1.9 x 104 cm-3 the 
corresponding small ion concentration decreased from about 1000 to 600 cm-3.  
 
 
3.3 Site C 
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The median particle number concentration at this site was about 700 cm-3 with values 
as low as 300 cm-3 observed when the wind was blowing directly from the sea. 
Considering the scarcity of particles for attachment, the corresponding positive and 
negative small ion concentrations were higher than at the two urban sites, being about 
950 and 690 ions cm-3, respectively. The ratio of positive to negative small ions was 
1.4 ± 0.2. 30 mins median concentrations of positive and negative small ion and 
particle number concentrations during a typical day are shown in Fig 7. No particle 
formation events were observed at this site. Fig 8 shows the SMPS data on a typical 
day. The small increase in number concentration between 7:00 h and 9:00 h was a 
consequence of vehicle emission particles transported from urban areas further to the 
south and west during the morning traffic peak. On this day, as well as on all other 
days, there was no significant correlation between small ions and particles (Fig 9).  
 
 
4. Summary and Conclusions 
 
In general, at the two urban sites, the small ion concentration exhibited a negative 
correlation with the particle number concentration. However, both these quantities 
were higher at the site that was closer to the major arterial road carrying a significant 
number of vehicles. Heavy duty vehicles, in particular, are known to emit both 
particles and ions in large numbers (Jayaratne et al, 2010). There were very few heavy 
duty vehicles at the other sites. At the site close to the major road, particle formation 
was observed on 5 of the 14 days while no such events were noted at either of the 
other two sites. Clearly, the precursors for the nucleation of these particles came from 
vehicle emissions. Sulphuric acid and organic precursors from motor vehicles are 
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known to produce particle bursts during the middle of the day when the solar radiation 
and ozone concentration are maximal (Woo et al, 2001; Alam et al, 2003). 
 
The median values of the positive and negative small ion concentrations at Sites A 
(860 and 580 cm-3, respectively) and Site B (460 and 360 cm-3, respectively) compare 
well with the results from our earlier study (Ling et al, 2010) in residential urban 
locations (601 and 361 cm-3, respectively). Hirsikko et al (2007) found corresponding 
average values of 590 and 630 cm-3 in an urban car park situated about 100 m from a 
major road. 
 
Site C, which was located well away from urban sources, showed a relatively lower 
particle number concentration and a higher small ion concentration than the first two 
urban sites, indicating that the process of attachment of naturally-produced small ions 
to particles was inhibited under these conditions. There was no relationship between 
small ions and particles at this location 
 
The positive small ions were generally more numerous than negative small ions at all 
three sites. The ratio of positive to negative small ions was in the range 1.1 to 1.4, 
which compares favourably with the corresponding ratios between 1.05 and 1.25 
found in some northern hemisphere urban locations (Kolarz et al., 2009; Retalis et al., 
2009; Horrak et al., 1998). 
 
Thus, in summary, at the urban sites, where the environments were dominated by 
motor vehicle emissions, there was a clear inverse relationship between the small ion 
concentration and the particle number concentration, while no such relationship was 
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apparent at the clean site. These results are important in order to understand and 
quantify the behaviour of atmospheric small ions in environments that are dominated 
by motor vehicle emissions in comparison with clean air sites, especially with respect 
to the role of ions in climate and particle formation in the atmosphere. 
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Tables 
 
 
Table 1: Details of the three measurement sites. 
 
 
Site Location 
Lat (S) 
Long (E) 
Monitoring 
Dates 
Distance to 
Nearest major
Road (m) 
Traffic 
Density 
(min-1 in both 
Directions) 
A 27º27’ 
153º01’ 
1-8 Mar and 
22-29 Mar 2010 
35 100 
B 27º22’ 
153º01’ 
18 Oct – 01 Nov 
2010 
140 50 
C 27º17’ 
153º04’ 
15 – 29 Nov 
2010 
500 80 
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Figure Captions 
 
Figure 1.  Typical time series of positive and negative ion concentrations (thin lines) 
and particle number concentration (thick line) at Site A including a particle formation 
event near mid-day. Data points are 30 min median values. For clarity, the negative 
ion concentration is shown in negative values. 
 
Figure 2. Two successive days with particle formation events at Site A. Particle 
number concentrations are in units of x103 cm-3. See text for details. 
 
Figure 3. The 30 min median small ion concentration vs the corresponding particle 
number concentration for the two days represented in Fig 2. 
 
Figure 4. Typical time series of positive and negative ion concentrations (thin lines) 
and particle number concentration (thick line) at Site B, showing an enhanced particle 
event near mid-day. Data points are 30 min median values. For clarity, the negative 
ion concentration is shown in negative values. 
 
Figure 5. The particle enhancement event at Site B, shown in Fig 4, is captured in this 
particle number size distribution spectrogram. Particle number concentrations are in 
units of x103 cm-3. See text for details. 
 
Figure 6. The 30 min median small ion concentration vs the corresponding particle 
number concentration for the data from Site B that is represented in Fig 4. 
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Figure 7. Typical daytime positive and negative ion concentrations (thin lines) and 
particle number concentration (thick line) at Site C, showing no enhanced particle 
events near mid-day. Data points are 30 min median values. For clarity, the negative 
ion concentration is shown in negative values. 
 
Figure 8. Typical diurnal particle number size data from the SMPS at Site C. Particle 
number concentrations are in units of x103 cm-3. See text for details. 
 
Figure 9. The 30 min median small ion concentration vs the corresponding particle 
number concentration for the data from Site B that is represented in Fig 7. 
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Supplementary Material 
 
 
 
Fig S1: The locations of the three monitoring sites in relation to the city of Brisbane. 
 
 
 
Table S1: Mean meteorological conditions at the three measurement sites. 
 
 
Site Air 
Temperature 
(ºC) 
Relative  
Humidity
(%) 
Max 
Wind 
Speed  
(km h-1 )
Optimum
Wind 
Direction 
A 19-28 60-76 13 E 
B 16-26 52-72 14 NE 
C 18-28 55-72 15 NE 
 
